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MICROWAVE GENERATORS: OSCILLATING VIRTUAL CATHODES AND REFLEXING ELECTRONS

Thomas J. T. Kwan and Lester E. Thoie
Advanced Concepts and Plasma Physics Group
Los Alamos National Laboratory
Los Alsmos, New Mexico 87545

Abstract
Simulation of the geners fon of a relativistic
electron beam in & foil diode configuration and of
the subsequent intense microwave geaeration resulting
from the formation of the virtual cathode is pre-
sented. The oscillating virtusl cathode and the
trapped beam electrons between vhe real and the
virtual cathodes were found to generate smicrowaves.
Generation of high-power microwaves with about 10%
efficiency might be reasonably expected from such a

virtual-cathode cenfiguration.

Introduction

In this article we report on our investigation
of a wmicrowave generstor based on trapped beam elec-
tronk reflexing in the potential w2ll formed between
the real and the virtuai cathodes of a relativistic.
electron beam. Several groups have studied this
process experiseatally {[1-3], and two of them have
observed a microwave power level of 100 MW, The
frequency of the microwave can be tuned by varying
the density or energy of the electron beam and the
spacing between the real and the virtual cethodes.
Furthermore, unlike other microwave devices [4-6] in
which efficient operation requires electron beams of
high quality, the efficiency of microwave production
due to reflexing electrons was experimentally
observed to be pot sensitive to the quality of the
electron beams [1].

Computer Simulation Results

In our study the :wo-aimensional particle-in-
cell plasms simulation code CEMIT was used to simu-
late the generation of the electron beam from the
Anomslous Intense Driver (AID) relativistic electron
beam facility [7-9] snd the subsequent generstion of
microvaves by the electrons reflexing in the poten-
tial well. TFigure ] has s real-space Aisgram (r
versus =) showing the configuration of the simula-
tions. A 3.0-MV trensverse electromagnetic wave was
launched st the left-hand boundary iriv the coaxial
line, causing the field emission of electrons. Then,
the electrons emitted from the cathode were acceter-
sted to the anode foil to form an approximately
|-mm-thick annular electron beam. (Becsuse cof a
isall mismatch between the driving and the dinde

impedances, the beam energy was 3.10 NeV [10]). The
electron beam current in the simulatior was 75 kA.)
The anode foil was wmodeled as su infinitesimally thin
perfect conductor, snd the electrons did not lege
energy or suffer welocity scatter as they traversed
through the anode foil. This is a rezsonable model
for a very thin foil (~m). Transmitting boundary
conditions for the electromagnetic fields were used
in both ends of the waveguide, and a perfectly con-
ducting boundary conditior was used in the radial
direction. Finally, since azimuthal sysmetry was
assumed, the proper boundary condition for the lower
boundary in the radisl directi~n was chosen to be
reflecting for electromsgnetic fields and electrons,
but electrons were absorbed when they reached tbz
other three boundaries.

As indicated in Fig. 1, the radius of cbe wave-
guide beyond the anode foil was increased to 3.0 cm
to facilitate the virtual cathode formation. The
space-charge limiting current of the wavegui:i: for an
annular electron beam of infinitesiwmsl thickuers is
given by (11)

/3 3/2

g, = VG - 1022 saeyr) m

wvhere Yy is the relativistic factor of the electron
beam, Iy is the radius of the waveguide and 2% is
the eleciron beam outer radius. With y = 7.07 and
r, ® 1.0 cm, Eq. (1) gives ISCL = 34.01 kKA. Since
the current carried by “e electron beam was 75 kA, a
virtual cathode was formed beyond the metallic foil,

300 v ’ —
2.0
~(cm, 1008 L U -
L . , N
-]
L LS Ll
b """ . I PRI
’. OopF: "—";}‘l .&f“‘"“"f'.“ bR -
-3.80}- x y N
-' 'y A A
) 180 .00 40 Y
2(em)

Fig. 1. Realespuce (r-z) emd ) hase-space () _-n)
diegrams of the electron besm, showirg the
furmotion of the virtual cethode aud tie
reflexing system in the case with sn axial
magnetic field of 90 kaG.
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The phase-space diagram (P' versus r) in Fig. 1 shows
the process of acceleration of the electrons to about
3.10 MeV toward the anode foil and the deceleration
of the electron beam because of the buildup of the
space-~charge potential once it entered the waveguide.
The formation of a virtual cathode by the electron
beam occurred at s distance of sbout 1.4 cm away from
the cathode. In the sisulation s constant axial
magnetic field of 90 kG was present and, therefore,
the motion of the electrons was primarily slong the
magnetic field lipes (Fig. 1). With the presence of
the strong wmegnetic field, the quality of the elec-
tron beam was very good [9]. Consequently, one would
expect microwave production by the oscillating
virtual rathode (4] in addition to the electrons
reflexing inside the potentisl well formed between
the real oand the wvirtual cathodes. However, the
frequencies of the microwaves produced by these two
mechanismss are, in genersl, different. On the one
band, the microwsve frequency due to an oscillating
virtual cathode varies from w; to J2n w; as the ratio
of the beam current to the space-charge limiting
current increases [12). Here, the transverse plasma
2 on the
other hand, the frequency of the microwav:s due to

frequency is given by w, = (knnoez/yle)

the reflexing electrons is determined by the tramsit
time of the electrons in the potential well [3].

The time history of the azimuthal component of
the magnetic field at a position cear the left-hand
boundary and its Fourier transform were obtainad from
the seimulation shown in Fig. 2. The oscillatory
behavior shown ip the figure is indicative of the
excitation of electromagnetic waves; furtbermore, the
Fourier transform of the time history clearly shows
thut electromagnetic waves werc excited at two dis-
tinct frequencies of 10.65 and 25.74 Giz.

The density of the ~lectron besm &s determined
in the simulation was o, "~ 4.0 x xo“/c-’ and the
transverse plasaa frequency, w, ®= (hnnoczlyl.)ln.
war 21.4 GHz. The fact thst the frequency of the
msicrovaves generated by oscillating virtual cathodes
ranges from w; to JIn w; lwsds uo to comclude that
the high-frequency component (25.74 GHz) of the
elentromagnetic waves obaerved in the simulation was
excited hy the oscillsting virtusl cathode. The
transit time of the electrons refleoxing in the poten-
tial well can be estimeted by assuming the electrons
making round trips between the veal and the virtual
cathodes with a wvelccity near the speed of light.
The distance between the cathodes (measured in the
simulution to be about 1.4 cw) yielded an electron
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¥ig. 2. Time bistory and Fourier trensform of r.ec-
tromagnetic waves.

transit frequency of 10.7) GHz, confirming that the
iow-frequency component (10.65 GHz) of the electro-
magnetic waves was generated by the trapped electrons
ss they phase-bunched in the potential well [1]). It
is evident from Fig. 2 that the radiation power was
more concentrated at the low-frequency comnonent of
the microwaves. In addition, note that the large ac
level of the magnetic field was due to the self-field
of the electron beam.

Simulations of the same geometry and parameters
were done without the constant axial magnetic field.
The results indicated that the dominant mechanism in
microwvave generation was the oscillating virtual
cathode and mot the reflexing electrons [13}]. In the
sbsence of the axia)l magnetic field, tLhe reflexing
electrons tend t» oscillate along the z-axis where
the potential is ax s minimum. The frequency of
electron oscillations were substantially higher than
the case with the axisl magnetic field where elec-
trons were confined by the sagnetic field lines,
Furthermore, heating and scattering of the incoming
beam 'y the reflexing electrons are more likely to
occur with the presence of the axisl magnetic field,
This is consistent with our observations in our
simvlations.

The mode structures of the electromagnetic waves
could not bSe clearly identi‘ied in the simulation
becsusa the weveguide was quite over-moded. The
efficiency of microwave production was difficult to
calculate because the spproximation of the excitation
of s single mode electromagnetic wave in the wave-
guide was not valid in the simulations {4). However,
one way obtain an estimate of the output of the



microwsves by using the amplitude of tue electro-
maguetic radiation as shown ip Fig. 2 and sveraging
it over the cross section of the waveguide. This
procedure yielded sn estimated totsl microwave power
output of 21 GW and an efficiency of 10.5%.

Conclusion

In conclusion, we have slcwn that high-power
microwave genersticn with about 10% efficieancy might
be reasonably expected from trapped electrons reflex-
ing in the potential well found between the real and
the virtual cathodes of a relativistic electron beam.
In ovr configuration with a magnetic field present,
both the reflexing electrons and the orcillating
virtual cathode generate microwaves ot two distinct
frequencies.
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